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SUMMARY 

An investigation at Mach numbers 1.9 and 3.0 has shown that a cen- 
tral core of air of high stagnation temperatvire can be produced in the 
test section of a supersonic wind tunnel. Air heated by combiastion was 
injected into the tunnel in a streamwise direction from a sonic nozzle 
near the tunnel throat. The cross-sectional area of the core at the 
test section, which was within 90 percent of the maximum attainable 
stagnation-temperatxire rise, was about 35 percent of that predicted for 
isentropic, one-dimensional, nonmixing flow at Mach number 1.9. At 
Mach number 3.0 the core size was about 25 percent of the theoretical. 
Core size and shape could be controlled by core-nozzle dimensions and 
location with respect to the tunnel throat. Mach number profiles at the 
test section In the region of the core were fairly uniform and could be 
varied by controlling core to tunnel main air stream total -pressure 
ratio. In addition, core Mach number was affected by core-nozzle loca- 
tion and stagnation temperat\ire of the heated air. 


INTRODUCTION 

During actual flight through the atmosphere, stagnation conditions 
are dependent upon flight Mach number and altitude. It is desirable to 
duplicate as many flight conditions as possible In the wind tunnels; this 
is especially true for propulsion system research. Some diffic\ilties are 
encountered, however, when an attempt is made to match the high stagna- 
tion teng)eratures by heating the entire tunnel air stream. The high 
temperatiores cause mechanical and operating problems with the tunnel 
and associated equipment. In addition, the cost of heating the air, 
especially for tionnels with high weight-flow rates, becomes very great. 

One method of alleviating these problems is to heat only the central 
portion of the air stream. Test models could then be located at the test 
section within the heated core. Although various methods may be \ised to 
heat this air, one of the easiest is to bum fuel in the air before 
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injecting it into the tunnel main air stream near the tunnel throat. 

The apparatus required has the advantages of small size and low initial 
and operating cost. Disadvantages include the change in air properties 
and con^josition resulting from the comibustion process. In addition, 
disturbances including turbulence may result from the presence of the 
injection nozzle and the hot core of air in the tunnel main air stream. 

The present investigation, which was conducted at the NA.CA. Lewis 
laboratory, is a partial evaluation of this method of producing a heated 
core. The size and shape of the core and the Mach mmiber profiles re- 
s^llting at the test section are the main factors considered. 


SYMBOLS 

The following symbols are tised in this report: 

M local Mach number 

m mass flow passing through diffuser 

mQ maximum- capture mass flow of diffuser 

Pq average total pressure of heated air at core nozzle 

Pip average total pressiire of tunnel main air stream at tunnel throat 

Pp average total pressure at diffuser exit 

T local stagnation ten 5 )erature at test section 

T^ average stagnation tenrperatxxre of heated air at core nozzle 

Tq average stagnation temperature of unheated tunnel main air stream 

X ratio of specific heats 

T - Tq 

0 temperatm'e-difference ratio, ^ 

■‘•C " -^0 

0^ geometric angle between diffuser axis and line joining apex of 
cone to cowl lip, deg 

APPAEATUS AED PROCEDURE 

The installation of the test apparatus in two tunnels with normal 
operating Mach numbers of 1.9 and 3.0 is shown in figure 1. Both tunnels 
normally operate with approximately atmospheric inlet stagnation 
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pressiire. a stagnation temperature of 150° F, and dew points less than 
about -8° F. The Reynolds numbers are approximately 3.3XL0® and I.S^IO® 
per foot for the Manh nimibers of 1.9 and 3.0^ respectively. The test 
section of both tunnels is 18 by 18 inches. The nozzle of the Mach num- 
ber 1.9 tunnel is of conventional design, whereas the Mach number 3.0 
tunnel utilizes an abrupt expansion on both walls in the initial expan- 
sion part of the nozzle in the manner of reference 1. Atmospheric air 
was heated for the core in a psurallel arrangement of fo\ir Jet -engine 
combustors using JP-4 fuel. The tunnel main air stream was dried as in 
normal operation but was not heated for these tests; it therefore had a 
stagnation temperature of about 50° F. Test Reynolds nimibers were some- 
what less than in normal operation because the core to main air stream 
total -pressure ratio was controlled by throttling the main air stream. 


The exterior of the convergent sonic core nozzle was designed to 
conform to the walls of the subsonic portion of the tiannel nozzle in 
order to avoid choking upstream of the throat. All nozzles were two- 
dimensional. On the basis of an isentroplc, one-dimensional, nonmixing 
expansion to the normal operating Mach ninnber of the tiumel, the core- 
nozzle sizes were designed to create approximately a 9- by 9-inch core 
in the test section. These calculations assiimed equal total pressiires 
in the core and tunnel air streams and eqiial static pressures at the 
test section. A constant vaiue of "jr = 1.4 was used for all calcula- 
tions throughout the report with negligible loss of accuracy. 

The flow in the test section was svirveyed with a rake extending the 
width of the test section, where 11 pitot tubes and 11 aspirating ther- 
mocoijples were equally spaced in alternating sequence. In addition, 

five static-pressure orifices were located on the rake within 4j inches 

of the tunnel wall, and wall static pressures were meas-ured at station 
60. 


RESULTS Altt) DISCUSSION 
Core Studies at Mach Number 1.9 

Presented in figure 2 are the results of a survey of the test sec- 
tion at Mach number 1.9 under conditions that generated cores of the 
greatest extent and uniformity. The contour lines of constant 9 were 
obtained by interpolation of temperature profiles, such as the ones 
shown, taken at 1-inch increments in the plane of expansion at each 
axial station. For these data a 9- by 5. 4- inch core nozzle was located 
at the tunnel throat. For ideal, inviscld flow a 9- by 8.4-lnch core 
size at the test section was predicted. However, at station 74 the 
cross-sectional area of the portion of the actual core that was within 
90 percent of the maximum attainable ten 5 >erature rise was about 35 per- 
cent of the theoretical area. As expected, the size of the \iseful 
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portion of the core diminished downstream in the test section. Because 
of shock interference on the survey rake at this Mach number, measured 
stream static pressures could not be used and it was necessary to com- 
pute Mach nxmiber from wall static pressures at station 60 and from local 
pitot pressures at the various axial stations. Thios, the computed val- 
ues of Mach number may not be exact, but the data Indicate the approxi- 
mate variation across the test section. The Mach numbers are fairly 
xmiform in the region of the core where a uniform tenperature exists. 
Check points in other planes at the same station give the same results. 
Without the core in the tunnel, Mach numbers near the center line gen- 
erally did not vary by more than 0.01 across the test section and 0.03 
along the test section. 

Figure 3 shows the effect of varying the core-nozzle exit location 
from that used for figure 2. Although the core- to txmnel-total-pressure 
ratio for figure 3 is less than that for the previous figure, it will be 
shown later that the temperature data of both figures can be compared 
directly, although the Mach nvmiber profiles cannot be so treated. The 
largest core sizes and best core shapes were obtained with the core- 
nozzle exit located at the tunnel throat or slightly downstream. 

The effect of core- to tunnel-tot6il-press\xre ratio I*c/^T shown 
in figure 4. For al 1 core-nozzle locations, increased pressiire ratios 
produced Increased Mach nimibers in the region of the core with little 
effect on tenperat\ire profiles and contours. For comparable core- to 
tunnel-total -press\are ratios, higher Mach numbers resulted with the core 
nozzle located upstream of the tunnel throat. Thus, in all probability 
the original tunnel Mach number can be reproduced in a heated-core 
installation. 

All the data presented thus far have been obtained with a core -exit 
temperature of about 500° F. At Mach nirnnher 1.9 such a stagnation tem- 
perature roughly corresponds to that attained in flight at sea level. 

At SLltltude, the required stagnation temperature would be less. The 
effect of reducing core -exit temperature to about 300° F is indicated 
in figure 5. Core size and Mach nxmnbers in the region of the core were 
somewhat reduced from those attained with core temperatures of 500° F. 
With cold flow through the core nozzle, appreciable turbulence and buf- 
feting of the rake resulted, especially with core -exit locations near 
the tunnel throat. With the core flow heated, buffeting was not 
noticeable. 


Core Studies at Mach Nimmber 3.0 

The 9- by 5. 4- inch core exit used at Mach number 1.9 was also used 
In the Mach number 3.0 tunnel. The nozzle location (l2 in. upstream of 
the tunnel throat) was such ohat by isentropic, one-dimensional, nonmiixlng 
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flow a core approximately 9 by 9 Inches would result at the test section. 
With such an extreme nozzle location^ the actxxal core at the test sec- 
tion was very narrow, with the long dimension at right angles to the 
long dimension of the core exit. The temperature-difference ratio 9 
was less than 0.75. Results were so poor that data are not presented. 
Thus, for variable Mach number tixnnel operation, a variable-size core 
nozzle may also be needed. 

Because of the particular geometry of the nozzle used in the Mach 
number 3.0 tunnel, it was lri 5 )ractical to locate a reasonably sized core- 
nozzle exit at what had prevlo\isly been determined as the best position, 

that is, at the tunnel throat. A 9- by 2-inch core nozzle located 4^ 

inches upstream of the tunnel throat produced the best resxilts attainable 
under the circumstances . A core- to tunnel-total -pressure ratio of 0 . 96 
and a core-exit ten 5 >erature of 500*^ F were the only conditions investi- 
gated at this Mach number. The data for these conditions are presented 
in figure 6. The core shape was approximately rectangular rather than 
square, a trend also observed at Mach number 1.9 with upstream core— exit 
locations. Core size was about 25 percent of the theoretical. Mach 
numbers were confuted from the average of the rake static pressures in 
the air stream and the local pitot pressures at each station. The 

wall static pressiire near the beginning of the test section was about 
10 percent greater than the average stream static pressure. As noted 
previously, the Mach number profiles are fairly \mlform in the region 
of the core in all planes. The variation in Mach number across the test 
section was greater than at the lower Mach number. Confuted free-stream 
total presstires in the core at the test section generally decreased in 
the downstream direction and were between 88 and 80 percent of the core- 
inlet stagnation pressure. Because undried atmospheric air was \ised for 
the core and water vapor was one of the products of combvistion, the dew 
point of this air was high. Consequently, in spite of the high inlet 
temperatxire, condensation shocks could be expected (ref. 2) which would 
decrease total pressures in the core. 

Data were also obtained with larger core nozzles located 
farther upstream of the tunnel throat. As expected, any dimension of 
the core in the test section could be Increased by increasing the cor- 
responding dimension of the core exit provided the core exit was reason- 
ably close to the tunnel throat. Since stagnation temperatures in the 
core at the test section were low when the core exit was located farther 
upstream, the data are not presented. 


Diffuser Performance in Heated Core at Mach Number 1.9 

A conical shock diffuser with a cowl- inlet diameter of 2.74 inches 
was operated at zero angle of attack and Mach number 1.9 in the heated 
core near axial station 81 in order to determine resulting diffuser 
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performance. The performance data are presented in figure 7. As de- 
scribed in detail in reference 3, the subcritical stability of this dif- 
fuser was very sensitive to cowl-lip position. Two cowl-lip positions 
that had yielded stable subcritical operation to mass-flow ratios of 
about 0.22 without the core were investigated within the core. With a 
cowl-lip position parameter of 45.8°, the conical shock was well 

within the cowling. Operation in the heated core somewhat diminished 
the subcritical stability. During such stable subcritical operation, the 
normal shock was observed to be shaky. A high-speed motion picture study 
showed that this shakiness was not true inlet buzz wherein the normal 
shock surges in and out of the diffuser, but only a local oscillation of 
the normal shock, perhaps due to varying free-stream conditions. Buzz 
conditions indicated in the data were of the conventional type. During 
operation without the core with a cowl-lip position parameter of 44.7°, 
the conical shock was still within the cowling but closer to the lip. 
Subcritical stability remained very extensive, but the inlet geometry 
was approaching one where shock instability would occur. During opera- 
tion within the core, the conical shock was generally on the cowl lip 
and there was virtually no stability. Variations in conical shock angle 
would result from changes in Mach nxmiber and the ratio of specific heats 
X . Use of the indicated core Mach numbers to calcxilate a core total pres- 
sure yielded the impossible situation of an irregular variation along the 
tunnel test section of the core total pressiire between 90 and 105 percent 
of its upstream plenum value. Therefore, diffuser pressure recovery 
Pl/p^, computed with no losses assumed from the core nozzle to the test 
section, may not be exactly representative of the effect of the various 
conditions of core operation on recovery. 

Typical schlieren photographs of this diffuser under similar oper- 
ating conditions with and without the heated core are presented in fig- 
ure 8. The expos\ire time of the photographs was 1 microsecond and 
1/200 second, respectively. 


SUMMARY OF RESULTS 

An investigation has been conducted of a method to increase the 
stagnation tengserature of a core of the air stream in a Mach ntmiber 1.9 
and a Mach number 3.0 tunnel. A portion of the air was heated by com- 
bustion and injected in a streamwise direction from sonic nozzles into 
the tunnel main air streams near the tunnel throats . Temperature and 
pressure surveys in the test sections indicated the following results; 

1. A heated core co\ild be produced along the center line of the test 
sections. With the best conditions investigated, the cross-sectional 
area of the core that was within 90 percent of the max imum attainable 
stagnation-temperature rise was about 35 percent of that predicted for 
isentropic, one-dimensional, nonmixing flow at Mach number 1.9. At Mach 
number 3.0 the core size was about 25 percent of the theoretical size. 
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2. The best core shapes aind sizes at the test sections were obtained 
with the core-nozzle exits located near the tunnel throats or slightly 
downstream. Core-nozzle dimensions directly affected core shapes and 
sizes . 

3. Mach numbers at the test sections in the region of the core were 
fairly uniform and varied directly in the Mach number 1.9 tvinnel with 
the core to timnel main air stream total -pres s\ire ratio at the throat . 
There was little effect of pressure ratio on core size and shape. 

4. Increasing the stagnation temperature of the core in the Mach 
number 1.9 tunnel produced slight increases in Mach nxjmber in the region 
of the core at the test section and in core size. 

5. The subcritical stability of a supersonic diffuser located within 
the heated core in the Mach number 1.9 tunnel was comparable to that 
without the core with some diffuser geometries. 


Lewis Flight Propulsion Labomtory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, November 17 , 1954 
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Figure 1. - Installation of heated- core test apparatus in Mach number 1.9 and 3.0 tunnels. 
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Figure 2. - Temperature and Mach number distributions in 
test section of Mach number 1.9 t unne l . Core-nozzle 
exit located at tunnel throat; Pq/P^ = 0.93; Tq = 500® F. 
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(c) Station 81. 
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(d) Station 85. 


Figure 2. - Continued. Temperature and Mach number dis- 
tributions in test section of Mach number 1.9 tunnel. 
Core-nozzle exit located at tunnel throat; = 0.93; 

Tq = 500° F. 
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(e) Station 89. 


Figure 2. - Concluded. Temperature and Mach number dis- 
tributions in test section of Mach number 1.9 tunnel. 
Core-nozzle exit located at tunnel throat; Pp/Pm = 0.93; 
Tq = 500° F. ^ ^ 
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(a) Core exit, 1 inch downstream of tunnel throat. 
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(h) Core exit, 1 inch upstream of tunnel throat.. 

Figure 3. - Effect of core-nozzle exit location on tempera- 
ture and Mach numher distributions in Mach number 1.9 
tunnel. Axial station, 81; Pq/P^ = 0.88; Tq = 500° F. 
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Figure 3. - Concluded. Effect of core-nozzle exit location 
on temperature and Mach number distributions in Mach num- 
ber 1.9 tunnel. Axial station, 81 > PQ/Prp = 0.88; = 500^ F. 
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(b) Core exit, 1 inch downstream of tunnel throat > “ 0*99. 


Figure 4. - Effect of core- to tunnel-total-pressure ratio 

on temperature and Mach number distributions in Mach 
number 1.9 tunnel. Axial station, 81; Tq = 500° F. 
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(d) Core exit, 1 inch upstream of tunnel throat; Pq/P^ = 1«1« 


Figure 4. - Continued. Effect of core- to tunnel-total- 
pressure ratio Pq/Pip on temperature and Mach number 


distributions in MiLch number 1.9 tunnel. Axial station, 
81; = 500° F. 


Temperature -difference ratio 


Distance from tunnel vail In expansion plane, in. 


16 


MCA EM E54K02 


S 


2.2 


2.0 


1.8 



1.0 


.8 


.6 


.4 


.2 


0 


1.0 


.8 


.6 


.4 


.2 


0 


E? 


E? 




n 

a> 


(f) Core exit, 3 inches upstream of tunnel throat; Pq/P^ = 1.09. 


Figure 4. - Concluded, 
pressure ratio Pq/P^ 


distrihutions in Mach 
81; Tp = 500° F. 


Effect of core- to tunnel-total- 
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number 1.9 tunnel. Axial station. 
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(a) Core exit at tunnel throat; = 0.93. 
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(h) Core exit, 1 inch downstream of tunnel throat; 
Pq/Pt =0.88. 

Figure 5. - Temperature and Mach number distributions with 
decreased core temperatures in Mach number 1.9 tunnel. 
Axial station, 81; = 300° F. 
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(a) Station 79. 
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Figure 6. - Temperature and Mach number distributions in 
test section of Mach number 3.0 tunnel. Core-nozzle 

exit, 4^ inches upstream of tunnel throat; = 0.96; 

= 500° F . 
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Figure 6. - Concluded. Temperature and Mach number dis- 
tributions in test section of Mach number 3.0 tunnel. 

Core-nozzle exit, 4^ Inches upstream of tunnel throat; 
Pp/Pj = 0.96) Tg = 500° F. 
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(b) Sj = 44.7°. 

Figure 7. - Effect of heated core on diffuser stability In Mach number 1.9 tunnel. Tq = 480° F. 



(a) Peak pressure recovery operation. 

o 

Figure 8. - Schlieren photographs of diffuser in Mach number 1.9 tunnel. 6 ^ =45.8 . 
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(b) Minimum stable diffuser flow operation. 


Figure 8. - Concluded. Schlieren photographs of diffuser in Mach number 1.9 tunnel. 
= 45.8°. 
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